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INTRODUCTION

Breast cancer is the most common cancer among 
women in developed and developing countries1. 
The human epidermal growth factor receptor 
family, or ErbB, consists of four transmem-
brane tyrosine kinase receptors, namely, HER1 
(ErbB-1), HER2 (ErbB-2), HER3 (ErbB-3), and 
HER4 (ErbB-4), which have a high degree of 
homology with one another and are involved in 
the regulation of cell growth and survival, attach-

ment, migration, differentiation and other cel-
lular responses2. The ErbB receptor family plays 
an important role in the development of several 
types of cancer3. Normally, the HER2 (ErbB2) 
receptor has no ligand and is always in an active 
conformation. After a ligand binds to the ErbB1, 
ErbB3 or ErbB4 receptors and the ensuing struc-
tural changes are induced, these receptors select 
HER2 as their preferred partner. After the activa-
tion of the tyrosine kinase domain, the receptor-
activated signal transduction cascade leads to cell 
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cin (PAA Laboratories GmbH). Cells were grown 
in a humidified incubator (Memert GmbH & Co., 
Frankfurt, Germany) at 37°C with 5% CO2. VE-
RO cells stably expressing full-length HER2 and 
HER3 have been established previously13. VERO/
HER2 and VERO/HER3 were maintained in full 
culture media, containing 200 µg/ml of G418 and 
hygromycin (Santa Cruz Biotechnology, Santa 
Cruz, CA, USA), respectively. 
 

Preparation of antibody 
phage library

The Tomlinson J and I phage display antibody 
libraries (Source BioScience, UK) were used to 
select antibody fragments against the extracel-
lular domains of HER2 and HER3 expressed on 
the cell surface of VERO cells. The Tomlinson 
J and I libraries are semisynthetic phage librar-
ies based on a single human framework with 
side chain diversity incorporated at positions in 
the antigen binding site. The libraries were con-
structed in the pIT2 phagemid vector containing 
more than 108 clones14. Stocks of recombinant 
M13 phages displaying pIII-scFv fusion on their 
surface were prepared essentially according to 
the recommended protocol14. Briefly, aliquots of 
each library were cultured in 200 ml of 2xTY 
medium supplemented with 1% glucose and 100 
μg/ml ampicillin until OD600 = 0.4. Approxi-
mately 2x1011 of M13K07 helper phage was added 
to 50 ml of the cultured media and incubated at 
37°C in a water bath for 30 min. Bacterial pellets 
were collected by centrifugation at 3,300 g for 
30 min, and the pellets were then resuspended in 
100 ml of 2xTY medium supplemented with 0.1% 
glucose, 100 μg/ml ampicillin, and 50 μg/ml ka-
namycin. Recombinant phages were precipitated 
from the overnight culture by PEG/NaCl solution 
(20% Polyethylene glycol 6000, 2.5 M NaCl). 
Subtractive panning strategies for the selection 
of conformational antibodies against HER2 and 
HER3 are shown in Figure 1.

To deplete the phage libraries of non-specific 
binders, each library (~1012 pfu/ml) was incubated 
with the background cells (native VERO cells) for 
2 hours at room temperature by gently rotating on 
a tube rotator. The cells were pelleted by centrifu-
gation at 140 g for 20 min, and the supernatant 
was incubated with VERO cells expressing either 
HER2 or HER3 for 30 min at room temperature. 
The cells were pelleted and washed twice with 
HEPES washing buffer. The bound phages were 
then eluted with 1 ml glycine buffer (pH=2.2) and 
then used for reinfection of exponentially growing 
TG1 bacteria. The bacteria were plated on TYE 

proliferation via the mitogen-activated protein 
kinase (RAS-MAPK) pathway and apoptosis in-
hibition via the Phosphoinositide 3-kinase (PI3-
Kinase-AKT-mammalian) target of the rapamy-
cin (mTOR) pathway2,4. Currently, therapeutic 
strategies for the treatment of breast cancer in-
clude preventing the dimerization of these recep-
tors, inducing endocytosis of the receptor and its 
degradation within the cell, inhibiting receptor 
proteolysis and the release of the extracellular 
domain of the receptor and activating the im-
mune response through antibody-dependent cell-
mediated cytotoxicity (ADCC) via recombinant 
antibodies5-7. Currently, targeting surface anti-
gens by antibodies plays an important role in the 
diagnosis and treatment of cancers8,9. Given the 
mentioned importance of targeting HER2, the 
trastuzumab (Herceptin) antibody was generated 
many y ears ago, which is a murine humanized 
monoclonal antibody against the extracellular do-
main of HER2, and has become an integral part 
of treatment for patients with HER2+ tumors, 
having demonstrated benefits in both early and 
metastatic settings10. All individuals who show 
an initial response to this drug become resistant 
to it within one year11. Activation of the signaling 
pathway by the other members of the ErbB family 
is the most important mechanism of resistance to 
drugs, such as trastuzumab, that target HER25-7. 
Accordingly, blocking other members of the ErbB 
receptor family is much more important and ef-
fective than treatment with trastuzumab alone. In 
this study, using the antibody phage display tech-
nique, which is one of the most powerful tech-
niques for creating antibodies and antibody frag-
ments in vitro by mimicking the natural mecha-
nism of antibody production in the body and has 
the capability of producing and screening a large 
library of antibodies (up to approximately 1010 
to 109 different clones)12, recombinant antibodies 
against the ErbB2 and ErbB3 receptors were pro-
duced for the inhibition of these receptors and the 
comparison of the simultaneous blockade of these 
receptors in the signaling pathway and breaking 
the drug resistance.

MATERIALS AND METHODS

Cell lines and culture

VERO and SKBR3 cells were obtained from the 
Pasteur Institute of Iran (Tehran, Iran) and main-
tained in RMPI 1640 (PAA Laboratories GmbH, 
Pasching, Austria), supplemented with 10% fetal 
bovine serum (PAA Laboratories GmbH), 100 
IU/mL of penicillin and 100 (μg/mL) streptomy-
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PCR amplification of DNA insert
and fingerprint analysis 

Single-chain antibody selection process and varia-
tion in the selected clones were investigated using 
PCR fingerprinting. This method was performed 
at the end of the last cycle of selection of VERO/
HER2 and VERO/HER3 as follows. In the last cy-
cle, 25 colonies were randomly picked up by sterile 
toothpicks and dissolved in 25 µl of sterile distilled 
water. The tube containing bacterial colonies was 
boiled at 95°C for 10 minutes. The primers used 
were LMB3: CAGGAAACAGCTATGAC and 
pHEN: CTATGCGGCCCCATTCA. The PCR re-
action was carried out in a total volume of 20 µL 
containing 10 mM Tris-HCl pH 8.4, 50 mM KCl, 
200 nmol of each forward and reverse primers, 
1.5 mM MgCl2, 250 µM dNTP, 1 U of Taq DNA 
polymerase (Thermo Scientific, Germany), and 1 
µL of the prepared DNA used as templates. The 
temperature conditions of the cycling were as fol-
lows: the initial denaturation at 94°C for 2 minutes 
(40 cycles), denaturation at 94°C for 30 seconds, 
annealing at 55°C for 45 seconds, extension at 
72°C for one minute and finally, 72°C for 7 min-
utes. The reactions were cycled in an Eppendorf 
MasterCycler gradient thermal cycler (Germany). 
The PCR products were visualized after separation 
on a 1.5% agarose gel and stained with the green 
viewer (Aryatous, Iran). The PCR products from 
the positive clones were used for fingerprint analy-

(15 g Bacto-Agar, 8 g NaCl, 10 g Tryptone, 5 g 
Yeast Extract in 1000 ml water) plates and grown 
overnight at 37˚C. To monitor the progress of the 
panning procedure, at the end of each round of 
panning, the titer of the recovered phages, the 
bacterial colony numbers, the amplification of the 
scFv gene in numbers of randomly selected bacte-
rial colonies and fingerprinting were evaluated. 
Afterward, the bacterial colonies were scraped and 
mixed from the media by a spatula. Then, 20 ml 
of 2xTY-Amp-Glu medium was inoculated with 10 
to 20 μl bacterial suspension to yield an OD600 
= 0.1, and grown at 37°C and 200 rpm until 
OD600 = 0.5. The bacteria were then infected 
with M13K07 helper phage in a multiplicity of 
infection (MOI: phage/bacteria) of 10 to 20 for 30 
min at 37°C in a water bath. The bacteria were 
pelleted and resuspended in 100 ml 2xTY-Amp-
Kan culture medium and incubated in a shaker 
at 30°C overnight. The recombinant phages were 
subjected to panning as described above. Finally, 
phage solutions were stored at -80°C or used 
for the next panning round. The phage titer was 
estimated according to the following equation: 
(number of phage per ml = OD at 260 × dilution 
factor × 22.14 × 1010). For each subsequent pan-
ning step, approximately 1012 recombinant phage 
particles of the previous round of panning were 
used. A total of three rounds of panning were 
performed on VERO/HER2 and VERO/HER3 by 
repeating this selection procedure. 

Fig. 1. Subtractive panning strategies.
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were pelleted and plated on TYE-Amp-Glu me-
dia. The next day, bacterial colonies were scraped 
and mixed from the media by a spatula. Then, 50 
µl of each phage pool were inoculated in 50 ml 
2XTY-Amp. The culture medium was incubated 
with shaking at 37°C for approximately 6 hours 
until OD600 reached 0.8 to 1. IPTG (Isopropyl 
β-D-1-thiogalactopyranoside) was added to a final 
concentration of 1 mM and incubated with shaking 
overnight at 30°C. The culture media were cen-
trifuged, and the bacterial pellets were dissolved 
in 2 ml of lysis solution. Cell debris was pelleted 
by centrifugation at 20,000 g for 30 min at 4°C, 
and the supernatant was stored in a refrigerator or 
freezer at -20°C for further analyses. scFv soluble 
antibodies were specifically separated from a mix-
ture of other proteins. Purification was carried out 
using protein A/G plus agarose. Briefly, 1 ml of 
the prepared antibody mixture from each round 
of panning was incubated with 100 µl of protein 
A/G plus agarose (Santa Cruz Biotechnology) with 
gentle shaking overnight at 4°C. The next day, the 
samples were washed 4 times with cold PBS, each 
time at 1000 xg for 5 minutes at 4°C. Finally, anti-
bodies were eluted using glycine 200 mM solution 
(pH 2.2). The samples were pelleted and the su-
pernatant was neutralized using 2 M Tris solution 
at pH=8. The concentration of antibodies obtained 
was measured using the Bradford assay15.

SDS-PAGE and western blotting

Approximately 20 µg of each total cell lysate or 
5 µg of purified scFv antibodies were loaded on 
12% SDS-PAGE gels in a Mini-PROTEAN® Tetra 
Handcast Systems (Bio-Rad, Hercules, CA, USA) 
chamber. The proteins were separated under dena-
turing and reducing conditions at 120 V for 90 min. 
The proteins were then transferred to PVDF (Poly-
vinylidene difluoride) membranes (Santa Cruz Bio-
technology, Santa Cruz, CA, USA) in a tank transfer 
system (Bio-Rad) at 100 V for 60 min. Membranes 
were then probed with HRP-conjugated anti-His 
tag antibody (Clone H-3, Santa Cruz Biotechnology, 
Santa Cruz, CA, USA) or protein A-HRP (Gen-
Script, USA). The blots were developedwith Super 
Signal West Pico Chemiluminescent Substrate Kit 
(Pierce, Rockford, IL, USA) for 5 min and imaged 
by Gbox (Syngene, Cambridge, UK) device. 

MTT assay

At this stage, the effects of produced antibodies 
on cell growth have been measured. In this re-
gard, the antibodies were added to growing cells 

sis. Then, 10 µl of the PCR products were digested 
with 5 units of the frequent-cutting enzyme BstNI 
(Fermentas, Vilnius, Lithuania) in a total volume 
of 20 µl. The digested products were separated on 
a 2.5% agarose gel and stained with green viewer 
staining (Aryatous) and visualized under ultravio-
let transillumination.

Polyclonal phage-ELISA on whole cells

The enrichment of a specific phage pool against 
either of HER2 or HER3 expressed on the surface 
of VERO cells was evaluated using phage-ELISA 
on whole cells. Approximately 7000 of each of 
VERO/HER2, VERO/HER3, VERO and SKBR3 
cell line were seeded in 96-well culture plates 
(SPL, South Korea) one day before the experi-
ment. The experiment was performed in triplicate. 
Cells were washed twice with cold PBSPhosphate 
Buffered Solutions: 8.00 g NaCl (0.137 M), 0.20 g 
KCl (2.7 mM), 0.24 g KH2PO4 (1.4 mM), 1.44 g 
Na2HPO4 (0.01 M) and H2O to 1 liter and fixed 
with 1% PFA (paraformaldehyde for fixing cells) in 
PBS for 10 min at 4°C. Wells were washed 3 times 
with PBS and blocked with 200 μl 2% MPBS for 
1 hours at room temperature. Then, 100 μl of the 
polyclonal phage particles from each round of 
selection were added to the wells and incubated 
for 2 hours at room temperature. The wells were 
washed 3 times with 200 μl Tris buffer saline 
0.1% tween 20 TTBSTween Tris-buffered saline: 
100 mM Tris•Cl, pH 7.5, 0.9% (150 mM) NaCl 
and 0.1% Tween 20), then incubated with 100 μl 
of 1:5000 dilution HRP-conjugated anti-M13 (con-
jugated mouse Anti-M13 antibody) monoclonal 
antibody (Amersham Pharmacia) in 2% blocking 
buffer for 1 hours at room temperature. Finally, 
the wells were washed 3 times with TTBS and 
incubated with TMB (tetra methyl benzidine) solu-
tion (Sigma-Aldrich) for 15 min at room tempera-
ture. The reactions were stopped by stop solution 
(Sigma-Aldrich), and color absorbance was read at 
450 nm in an ELISA plate reader (ELISA-reader, 
Organon-Teknika, Netherland).

Production of single-chain
phage-free antibodies

To evaluate the functional properties of the se-
lected antibody pools, the soluble scFv (phage-free 
scFv) was firstly produced. To accomplish this, 
100 µL of the eluted phage from each round of 
selection was incubated with 2 ml of exponentially 
growing HB2151 bacteria (OD 600= 0.4) for 30 
min at 37°C in a water bath. Then, the bacteria 
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clones contained inserts for the ErbB2 and ErbB3 
targets (Figure 2 A,B). 

The diversity of the clones decreases with the 
increase in the panning process and the increase 
in the number of its cycles; therefore, in the third 
cycle, the digestion pattern of the PCR products 
for each of the receptors became similar. The 
similarity of the digestion pattern of PCR prod-
ucts is one of the indicators of the completion of 
the panning process (Figure 3A, B).

Purification of the produced antibodies is es-
sential for determining the functional effects of 
the antibodies. Purification was performed by 
two methods. In the first method, agarose-con-
jugated protein A was used and according to the 
results of SDS-PAGE, antibodies were purified 
well and with the least non-specific bands. In the 
other method, the produced antibodies were first 
incubated with anti-His tag antibody and then 
purified by protein A (Figure 4).

and mixed with concentrations (0.01, 0.01, 1 mg/
ml, respectively) of the HER2 and HER3 antibod-
ies and the MTT solution. Eventually, after 24 to 
48 hours of incubation, the cell growth rate was 
measured. The colorimetric measurement was 
carried out using an ELISA plate reader (ELISA-
reader, Organon-Teknika, Netherland) at 570 nm.

RESULTS

The generation of cell lines (published previ-
ously)13 and the antibody selection process are 
schematically shown in Figure 1. The fingerprint-
ing method was used to examine the progress of 
the selection process and estimate the diversity 
of antibodies isolated from colonies obtained in 
each cycle. The number of insert-free clones was 
reduced with the increase in selection cycles; 
therefore, in the last cycle of selection, 85% of the 

Fig. 2. A-B, The PCR products for the final panning cycle for ErbB2 and ErbB3 receptors. With the increase in panning cycles, 
the number of colonies containing the insert increased, so that in the last cycle, approximately 85% and 79% of clones contained 
the insert for ErbB2 and ErbB3 receptors respectively.

A

B
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Fig. 3. Fingerprinting of unique 
clones products of the third pan-
ning cycle for ErbB2 and ErbB3 
receptors. 

Fig. 4. SDS-PAGE image of the samples extracted with agarose - 
conjugated Protein A. Two of the antibodies produced in HB2151 
bacteria were extracted by agarose-conjugated Protein A. (A, Be-
fore purification; B, After purification; C, Anti-His tag antibody of 
ErbB2, D, Anti-His tag antibody of ErbB3).
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the effect of anti-HER2 therapy is the same in 
all tumor cells in an individual21; 5. Increased 
expression of HER2 is observed in the breast 
cancer metastatic cells, thus, anti-HER2 ther-
apy would be effective in all states of the dis-
ease22. Researchers23 have attempted to produce 
various types of antibodies to block the epider-
mal growth factor receptor signaling pathway, 
and some of these antibodies have achieved 
significant results in vitro. The CHO cell line is 
classically known as a cell line without internal 
expression of all epidermal growth factor re-
ceptor family (except very little amounts of the 
ErbB2 receptor)24. VERO cells used in this study 
are derived from African green monkey (Cer-
copithecus aethiops) kidney epithelial cells25. 
The results of this study showed that BHK cells 
also lacked internal expression of the ErbB2 
receptor. Thus, it can be considered a suitable 
host for the expression of these receptors. The 
mechanisms by which recombinant antibodies 
inhibit the growth of cancer cells are not clearly 
identified. However, a number of in vitro and 
in vivo molecular and cellular effects of these 
inhibitor antibodies have been observed5. HER2 
receptor signaling leads to the activation of the 
PI3K and MAPK pathways18. In a study, Nahta 
et al6 reported that following the antibody bind-
ing to HER2, the signaling pathway is inhibited, 
which leads to an increase in the p27Kip1 levels 
and inhibition of cell growth and apoptosis that 
was consistent with our study. The antibody 
phage library is capable of producing and select-
ing antibodies against any epitope due to the 
vastness and variety of its clones. In this study, 
we showed that the synchronous blockade of 
HER2 and HER3 receptors has a superior effect 
compared with a monospecific block. However, 
one of the main disadvantages of antibody phage 
technology is the presence of phages without 
antibody fragments (insert-free clones) in the li-
brary. Thus, phages without antibody fragments 
led to the failure of production of high qual-
ity and functional antibodies against various 
targets26,27. Tomlinson’s antibody phage library 
used in this study is based on synthetic light 
and heavy chain fragment clones of antibodies 
in a phagemid vector and based on a framework 
for the heavy chain (V3-23/DP-47 and JH4b) 
and a kappa light chain (O12/O2/DPK2 and 
Jκ1), in which diversity is considered in the 
antibody to antigen binding site28. In this study, 
the purification of recombinant phages at the 
end of each panning cycle and the selection of 
antibody by purified products significantly re-
duced the number of recombinant phages with-
out antibody fragments (insert-free clones).

The phage-ELISA technique was used to in-
vestigate the ability of isolated antibodies to bind 
to their target cells. The phage-ELISA results are 
shown in Figure 5 A, B. The produced antibod-
ies were evaluated regarding the ability to bind 
to VERO cells, VERO/ErbB2 and VERO/ErbB3 
cells. The isolated antibodies bound to their target 
cells in the VERO/ErbB2 and VERO/ErbB3 cells 
much more than in the VERO cells. In addition to 
the reduced binding to the background, SKBR3 
cells were used in the phage-ELISA test. The 
results showed that the selected clones were able 
to identify normal cells expressing the ErbB2 and 
ErbB3 receptors in addition to identifying their 
target recombinant cells.

The MTT method estimates the rate of cell 
proliferation and survival regarding the amount 
and effects of drugs and antibodies on the cell 
based on the cell color change. The ELISA re-
sults are shown in Figure 5C (p <0.05). This fig-
ure shows that synchronous block of HER2 and 
HER3 receptors has a superior effect compared 
with the monospecific block.

DISCUSSION

Breast cancer is the most important and most 
common cancer among Iranian women, and 
statistics indicate the development of breast 
cancer in younger individuals in Iran16. To-
day, HER-2 is a very influential factor in the 
diagnosis and treatment of metastatic breast 
cancer. HER-2 is a proto-oncogene and encodes 
a 185-kDa glycoprotein. It is considered one 
of the four large members of the epidermal 
growth factor receptor family of tyrosine ki-
nase receptors. Its gene is located on chromo-
some 1717,18. Currently, overexpression of the 
ErbB2 receptor has been proven in breast can-
cer patients19. The ErbB2 receptor is the most 
important therapeutic target in breast cancer 
for the following reasons: 1. The ErbB2 gene is 
overexpressed in 20 to 25 percent of invasive 
breast cancers, and there is a strong correlation 
between the receptor overexpression and a re-
duced chance of life20; 2. HER2 overexpression 
has a strong correlation with the pathogenesis 
and prognosis of breast cancer20; 3. The level 
of HER2 expression in cancer cells is much 
higher than normal cells. Therefore, targeting 
HER2 by drugs reduces the pathogenicity as-
sociated with the receptor overexpression21; 4. 
HER2 expression level among cancer cells in 
an individual is almost the same. For example, 
all grade 3 tumor cells display a uniform color 
in immunocytochemistry technique; therefore, 
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Fig. 5. The diagram of pha-
ge-ELISA related to the anti-
bodies produced against the 
ErbB2 and ErbB3 receptors 
(A-B). MTT assay, effects of 
produced antibodies on cell 
growth, Anti-BSA is a con-
trol antibody (C).

A

B

C
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CONCLUSIONS

The specificity of the antibodies obtained by this 
method was greatly improved, and the synchro-
nous blockade of the HER2 and HER3 receptors 
has a superior effect compared with a monospe-
cific blockade. 
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